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Effect of Pions in Cosmic Rays 

P. Castelo Ferreira and J. Dias de Deus 

CENTRA, Instituto Superior Tecnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal 

Abstract. The effects of pions for vacuum polarization in background magnetic fields are consid- 
ered. The effects of quark condensates is also briefly addresses. Although these effects are out of the 
measurement accuracy of laboratory experiments they may be relevant for gamma-ray burst propa- 
gation. In particular, for emissions from the center of the galaxy, we show that the mixing between 
the neutral pion and photons results in a deviation of the gamma-ray spectrum from the standard 
power-law in the TeV range. 
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DIAGRAMS 

When background magnetic fields are present, traveling radiation interacts perturba- 
tively with those fields. The main two processes we are dealing in this presentation are 
charged fermion/boson virtual loops [1] and neutral scalar/pseudo-scalar exchange [2]. 
The respective diagrams and allowed intermediate particles are presented in table 1 . 

TABLE 1. Diagrams and respective allowed processes for photon interaction with back- 
ground electromagnetic fields. 

Virtual Loops Scalar/Pseudo-scalar Exchange 





4>,,4>a,<t>. 




■ Electron-Positron Loops (ee) 

■ Muon-Antimuon Loops (fifi) 

■ Scalar Mesons Loops (n + n~) 
(plus quark condensates (qq)) 



- Neutral Pion (pseudo-scalar: 0^) 

- Axion (pseudo-scalar: <p a ) 

- Quark Condensates (scalar: <j> c ) 



The processes for virtual loops are described by the Euler-Heisenberg Lagrangians, 
while the processes for particle exchange are described by the interaction Lagrangians 
coupling the scalar/pseudo-scalars to the gauge connection. We address these in the next 
sections following [3]. 



EULER-HEISENBERG LAGRANGIANS 



For electron-positron virtual loops ee we have the Euler-Heisenberg Lagrangian [1] 
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Where as usual a = 1/137 is the fine-structure constant, e and m e = 0.5MeV the charge 
and mass of the electron, c the speed of light and fi the Planck constant. The remaining 
contributions considered in this work will be given relatively to this one. For muon 
virtual loops flfl we have the Lagrangian 
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with m^ = 105MeV the muon mass. For charged pion loops n + n we have the La- 
grangian 
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where the pion constant is f n = 93MeV and we take the pion mass to be m n = 135MeV . 
There is one further contribution one can consider. The full distribution for the pion loops 
is given by the integral 
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represented in figure 1. The sum over the poles gives the pion loop contribution, while 
the the region between the first poles at s = and s = n/aB gives the quark condensate 
contribution 
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where we have taken the QCD cut-off to be A ps 300 MeV. This result was originally 
computed within ChPT framework in [4] and within NLJ framework in [5], In addition 
we note that the quark condensates may only exist when very high densities of energy 
are present (E) ~ 300MeV / fm 3 [4]. These values are only accessible in very dense 
plasmas, for example in neutron stars [6] or near the center of galaxy [7]. 
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FIGURE 1. (a) The integrand (4). The sum over the poles at s = (n— \)tz/(xB (n > 0) gives the pion 
vacuum polarization; (b) The same integrand for energies between m n = 135 MeV and A = 300 MeV as 
marked in (a) giving the quark condensate vacuum polarization contribution. 



SCALAR/PSEUDO-SCALAR EXCHANGE 

The Lagrangian for the pseudo-scalar neutral pion n° exchange is given by the Adler- 
Bell-Jackiw anomaly [2, 8] 
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We note that for the theoretical suggested axion the same Lagrangian applies with the 
respective appropriate coupling constant g ay y [2]. In addition we can take the quark 
condensate discussed in the previous section as an effective scalar particle (j) c described 
by the following Lagrangian 
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The other neutral meson contributions are lower by several orders of magnitude, al- 
though their coupling constants to photons are of the same order of magnitude of the 
one for n°, their masses are higher [9]. 



VACUUM BIREFRINGENCE 



For radiation traveling in a background magnetic field Bq, due to the radiative correc- 
tions discussed in the previous sections, it is induced a birefringent vacuum dispersion 
relation [10] 
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which induces both a polarization rotation A0 and an ellipticity y 
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Are represented in figure 2 the relative magnitude of the polarization rotation induced by 
the several radiative corrections discussed in this work. We note that today's laboratory 
experiments accuracy is not sensitive to any of these corrections. 




FIGURE 2. Relative polarization rotation (9) given in terms of the A<^, for electron-positron loops (ee), 
muon-antimuon loops (pfi) interchange of the neutral pion (7T°), quark condensates ((qq)) and charged 
pion loop (n + n~). 



7-RAY PROPAGATION 

The results of the previous sections can also be applied to high energy y-ray bursts. In 
order to do so consider the propagation equations for photons in background fields [11] 
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with the several entries given by 
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We will address radiation from the center of the galaxy at a distance of zo = 8.5 kpc [12, 
13]. In the last expression E stands for the y-ray energy and we took the standard 
power law approximation valid for energies in the TeV range corresponding to T — 
— \n(dN/dE) w 2.25 [13] for which the main contributions are due to photon desin- 
tegration [14]. For non-polarized radiation in gaussian magnetic field distributions in 
domains of average size s, the conversion probability of photons to pseudo-scalars is in 
the saturated continuum limit z^> s 
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The only measurable effect from the ones discussed in this work in the TeV range is 
due to the photon mixing to the neutral pion. Hence, following [11], we are taking the 
root mean square magnetic field strength Bq = 1 fiGauss, the radiation energy E^ given 
in units of lOTeV, for a distance z = zo = 8.5 kpc, the domain size s = 0.01 pc and 
g = 2.49 x 10 4 with m^ = m n Q = !35MeV. The resulting deviation to the power law is 
represented in figure 3. 



^Tf^- 




FIGURE 3. Dashed line represents the deviation to the power law (continuous line) due to the photon 
mixing to K°. The data points are from the HESS col. (July/august 2003/2004) [13]. 



CONCLUSIONS 

We have shown that the exchange of the neutral pion tt° with photons hold a deviation 
from the power law spectrum for y-ray from the center of the galaxy in the TeV. This 
result may improve our knowledge of the effects affecting y-ray bursts, hence allowing 
a better understanding of its characteristics at the origin. 

In addition the propagation equation (10) is also valid for light quark condensates 
(m c ~ 20MeV). Up to distances of z ~ 125 pc from the center of the galaxy the necessary 
energy densities for its existence are present [7]. However the perturbative saturated 
limit is only applicable in the GeV range considering, for example, a domain size of 
s = .01 pc [15] its effects are observable. In the TeV range the probability Pq as given 
in (12) does not preserve unitary, hence it is not applicable. One can also add the effect 
of the axion [11] to the one from the n° which result should be to further reduce the 
spectrum over energies of E > 10 7W. Also it is expected that the effects discussed in 
this work are relevant near neutron stars due to the high magnetic fields present in such 
environments [6]. 
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